In this letter we show that magnetic fields generated at the electroweak phase transition must have helicity in order to explain the void magnetic fields apparently observed today. In the most optimistic case, the helicity fraction must be at least of order 10 −11 . We show that the helicity naturally produced in conjunction with the baryon asymmetry is too small to explain observations, and therefore new mechanisms to generate primordial helicity are required.
Introduction: The evolution of magnetic fields depends strongly on its helicity. On the one hand, the global conservation of magnetic helicity directly leads to an inverse cascade of energy from small scales to large scales [1, 2] . On the other hand, the helicity conservation leads to slower decay of the magnetic energy compared to the non-helical case, potentially producing stronger fields at present day. This combination of effects could prove to be of great importance for the explanation of large scale magnetic fields observed in the Universe today [2] . In this short note we aim to constrain the primordial magnetic helicity from the apparent observations of void magnetic fields (see Ref. [3] for an early discussion on this topic). Indeed, we show that magnetic fields generated at the electroweak phase transition (EWPT) must have considerable helicity in order to explain the extragalactic magnetic fields and that the helicity density arising naturally with electroweak baryogenesis is too weak to be the dominant source of magnetic helicity.
Basic equations: We start by writing down the twopoint correlation function for a statistically homogeneous and isotropic stochastic magnetic field (see e.g. Ref. [4] and references therein)
The above spectrum has been decomposed into parity conserving and parity violating components, or magnetic and helical spectra. The magnetic spectrum is given by P B (k) = |B(k)| 2 /2 ≡ (ρ/k 2 ) M k , which depends only on the amplitude of k not its direction. We define the spectrum M k above to match the conventions of Refs. [5, 6] , where ρ is the total energy density and comoving quantities are used throughout. Then, assuming a power law P B (k) P 0 B k n on large scales, we can volume average on a region of size L 3 to estimate the average field on a given scale
Causality restricts the power law index n to be an even integer n ≥ 2 [7] . For the limiting case n = 2, which is the expected scaling, one finds that B L ∝ L −5/2 . In Ref. [5] the authors showed numerically that, independent of the turbulent flow, a large scale magnetic field tail develops with the scaling B L ∼ L −5/2 , in agreement with the causality constrained averaged field described above.
The averaged magnetic energy density is obtained by integrating over the local energy density u B = B 2 /8π, i.e.
Assuming that the magnetic energy is concentrated at the integral scale (denoted by the index 'I'), which is the peak of the spectrum in Fourier space, we can write
In the above we adopt the conventions from Ref. [5] , where the authors showed numerically that indeed most of the energy is concentrated at the integral scale. We can also define an effective magnetic field strength
In the above we set the wavenumber k = 2π/L corresponding to the scale L in Eq. (2). We can also identify the integral scale as the coherence length (λ B ), and the effective magnetic field as the observed magnetic field strength (B λ ), hence
2 ρ. The helical part of the spectrum is determined by
where again the helical spectrum H k is defined following the conventions of Ref. [6] . On any given scale k there is a realizability condition given by |H k | ≤ 8πM k /k, from which we can define f ≡ kH k /8πM k as the helicity fraction, where f = 0 for the non-helical case and f = 1 for the maximally helical case. The average helicity density is given by
where B = ∇ × A, and in the last equality we also assume that the helicity density is concentrated at the integral scale. Basic constraints: Let us first consider the constraints on void magnetic fields from the γ-ray observations of TeV Blazars [8] [9] [10] [11] . Authors in Ref. [9] showed that the minimum magnetic field strength depends on the mechanism of suppression of the cascade signal. For suppression due to time delay, the minimum required field strength is ∼ 10 −17 G, whereas for the extended emission they find ∼ 10 −15 G (this constraint is also found in Ref. [10] ). The above bounds become tighter as λ
for scales smaller than ∼ 1 Mpc. We note that the above observations are not conclusive [12, 13] , and the authors in Ref. [9] stress that, in any case, the bounds should be taken as an order-of-magnitude estimate. However, in this work we assume that the above constraints are actual bounds on void magnetic fields. For the purpose of this work we shall assume the strongest bound [9] B λ > ∼
and later comment on our conclusions if this bound is relaxed somewhat. The second constraint comes from energy considerations. The initial magnetic energy at magnetogenesis (denoted by the index ' * ') can at most be in equipartition with radiation, i.e. u B = ρ/2, hence
where the radiation here is taken to be the CMB photons [2] . We note that this bound satisfies the constraint from Big Bang Nucleosynthesis [14] . For magnetic fields generated at a time during the radiation dominated era (in contrast to inflationary magnetogenesis), the basic constraint on the coherence length is the horizon size at the time of magnetogenesis
The horizon size is 2 × 10 −10 Mpc and 3 × 10 −7 Mpc at the electroweak and QCD phase transitions respectively.
For the purpose of this paper, these are the only constraints that we need to consider.
Magnetic field evolution: The magnetic field strength and coherence length evolve during the radiation dominated era due to turbulent magnetohydrodynamic (MHD) effects [2, 4, 15, 16] . Such effects include the free turbulent decay of magnetic fields, which is what we are mostly concerned with here, but we note that the turbulent amplification of weak fields by the small-scale dynamo is also possible [16] .
If the initial spectral helicity is negligible f * 1, there is a direct cascade of energy due to the selective decay of modes in k-space. Indeed, the large k-modes are dissipated and decay so that the integral scale evolves down along the large scale spectrum. The general decay law for the magnetic energy is M I ∝ t −2(n −1)/(n +2) and for the integral scale L I ∝ t 2/(n +2) , where n ≡ n + 3 [2, 5, 6] . From this it can be shown that k I ∝ a −2/7 , M I ∝ a −8/7 , and H I ∝ a 2/7 , where a is the scale factor and n = 2 is used in Eq. (2) due to causality constraints for the large scale spectrum [2, 5, 6] . Hence, the magnetic field strength on the integral scale evolves as
If the helicity density is non-zero, the helicity fraction in the regime f 1 evolves as
This evolution occurs until the time of recombination, or until a state of maximum helicity is reached f = 1, whichever comes first [2, 6] . The evolution of the field strength and coherence length essentially ceases, i.e. with logarithmic scaling, when the Universe becomes matter dominated [2] . Following literature we approximate this time as the time of recombination. When the maximal helicity f = 1 is reached, an inverse cascade occurs where magnetic energy is transferred from small scales to large scales. When applying helicity conservation, remarkably the decay law becomes independent of the large scale slope and it can be shown that
, and the fraction remains constant f = 1 [1, 2, 6] . Hence, the field strength at the integral scale evolves as
which by coincidence is the same scaling as the Fermi observational bound in Eq. (6). This 'weaker' evolution of a maximally helical field in the radiation era can have important consequences for magnetic fields observed today. We summarise those results in Fig. 1 where the magnetic field evolves until recombination (index 'rec'), and the final field configuration falls on the line [2, 4] (labelled 'recombination' in Fig. 1 )
This line corresponds to the largest eddies being processed at recombination 1/(aH)| rec λ/v A with v A the Alfvén speed [2, 17] . Hence, we obtain our first constraint. Magnetic fields generated during the radiation era will evolve to fall on the above line at recombination, which are also the values that will be observed today since the field strength and coherence length do not evolve significantly in the matter dominated Universe.
In order for such fields to explain the Fermi observations it is required that B λ,rec ≥ B Mpc. This minimum field configuration is labelled by point (a) in Fig. 1 . From this minimum configuration we trace the evolution back to the time of magnetogenesis and find the minimum values for the field strength and coherence length at those times.
We find that, if the field has zero initial helicity f * = 0, the initial field configuration must be (point (b) in Fig. 1 ) B λ, * ≤ B max λ, * = 3 × 10 −6 G and λ B, * ≥ 3.4 × 10 −9 Mpc. This coherence length is smaller than the horizon size at the QCDPT ∼ 10 −7 Mpc, but larger than the horizon size at the EWPT ∼ 10 −10 Mpc. Hence, we come to our first important conclusion. It is impossible to generate magnetic fields at the EWPT which can explain the apparently observed void magnetic fields if the magnetic fields have zero helicity.
To make this point even stronger we can ask the question: how far must the bound from γ-ray observations go down so that magnetic fields with zero helicity generated at the EWPT produce the void fields? Magnetic fields generated at the EWPT are constrained by (labelled by point (c) in Fig. 1 
This bound is compatible with the weakest constraint from γ-ray observations B λ > ∼ 10 −17 due to time delay suppression [9] . However, the expected coherence length of magnetic fields generated at the EWPT is roughly of order the bubble size, which is somewhat smaller than the horizon size by a factor λ B, * /λ EW ∼ 10 −2 [18] . And, since B λ, * is expected to be a few orders of magnitude below B max λ, * [19] , we can see that the existing Fermi bound would have to decrease considerably. Hence, even with the weakest constraints on void magnetic fields, fields generated at the EWPT require helicity in order to explain the observed void fields.
Here, we note that the authors in Ref. [20] obtain a weaker evolution B I ∝ λ −1 I in the non-helical case [c.f Eq. (9)], where an apparent "inverse cascade" occurs. Their findings are based on compressible MHD simulations where turbulent kinetic energy on large scales is significant. We agree that the evolution of magnetic fields on large scales can be significantly affected by large velocity modes, however we do not see that such modes could be generated after the period of magnetogenesis in the radiation era. Indeed, we showed that velocity modes generated by the primordial density perturbations are very weak ∼ 10 −5 in Ref. [16] , and only if the comoving magnetic field is weaker than ∼ 10 −9 G up until the QCDPT could such velocity modes have an impact on the magnetic field evolution. Also, this amplification can only be effective on scales up to ∼ 10 −11 Mpc, since on larger scales the eddy-turnover time is larger than the Hubble time [16] . For these reasons we therefore believe that the scaling in Eq. (9) is more realistic and the scaling of Ref. [20] does not apply.
Let us assume that magnetic fields are generated at the EWPT [19] . If the initial helicity density is non-zero and an upper bound set from energy considerations. Fields generated in the radiation era evolve to the line labelled "recombination". The evolutionary tracks from magnetogenesis until recombination are marked by dashed lines and depend on the helicity fraction f * . The minimum field configuration at recombination to explain the void fields is marked by point (a). If there is zero helicity, the field configuration at megnetogenesis is marked by point (b). With non-zero helicity the initial field configuration can be reduced e.g point (c), where the field becomes maximally helical at point (d).
and the helicity fraction is large enough, then the inverse cascade may take effect and make it possible to explain the void fields. As seen above, when the spectral helicity is small, the fraction evolves as f ∝ a 8/7 until a state of maximum helicity is reached f tr = 1 at the transition time, therefore f * = (a * /a tr ) 8/7 = (λ I, * /λ I,tr ) 4 . To find the minimum helicity fraction required in order to explain the Fermi observations, we note that λ I,tr falls on the Fermi constrain in Eq. (6) (labelled by point (d) in Fig. 1 ) since the Fermi constraint and the evolution for a maximally helical field has the same scaling λ
. From the above considerations we find that
in order to explain the void magnetic fields. We can also constrain the average helicity density, which is given by h B ρk I H I = 8πρf M I = f B I /k I . Since the helicity density is a conserved quantity h B const., we find that h B, * h B,rec . Hence, the minimum helicity density required to explain the Fermi observations is
In Ref. [21] the author estimated the primordial magnetic field helicity generated at electroweak baryogenesis.
The production of baryon number requires changes in the Chern-Simons number, which are generated by the production and dissipation of nonperturbative field configurations, e.g. linked loops of electroweak strings. Such configurations would decay in the true vacuum phase of the EW transition leaving behind linked magnetic field lines. Hence the connection between baryon number and magnetic helicity. Indeed, the change in magnetic helicity is ∼ 10 2 for every baryon produced [21] . Hence, the helicity density can be estimated today as h B ∼ 10 2 n b , where n b ∼ 10 −6 cm −3 is the baryon density observed today, therefore the helicity density is estimated as h B ∼ 10 −27 nG 2 Mpc, i.e. f * ∼ 10 −24 . The length scale in which helicity is expected to be maximal can be estimated by considering the characteristic length scale of the gauge field configurations L ∼ 1/e 2 T EW [21] which is much smaller than the horizon size at the EW scale by a factor ∼ 10 −17 . Therefore, with no other sources for generating magnetic helicity other than electroweak baryogenesis, we show that magnetic fields generated at the EWPT cannot explain the void magnetic fields observed today. This natural mechanism to generate primordial magnetic helicity is therefore ruled out for the explanation of void magnetic fields seen today.
Constraints from first-order phase transitions: The EWPT could be a first-order transition in certain extensions to the Standard Model (see e.g. Ref. [22] ). Such models can therefore be constrained by extragalactic magnetic fields, since their parameters, which characterise the phase transition, also determine the minimum helicity fraction required to produce the void fields.
Three parameters characterise model-independent analysis of first-order phase transitions [23, 24] . The first parameter α N ≡ vac /ρ rad is the ratio of the vacuum energy to the radiation energy density, which characterises the strength of the phase transition. The second is the efficiency parameter κ ≡ u bulk K / vac , which defines the ratio of bulk kinetic energy over the vacuum energy. The third parameter is the bubble wall velocity v b . It is shown that the efficiency parameter κ depends on the bubble wall velocity v b and α N [23] [24] [25] . With equipartition between magnetic and kinetic energy, the fraction of magnetic energy to the radiation energy
. Following the work of Ref. [24] we can explore the parameter space for f for the EWPT was used in both cases. the strength of the transition αN and the bubble wall velocity v b , the efficiency parameter κ can be determined which in turn determines the energy of the phase transition that goes into producing magnetic fields. From this we can determine the minimum helicity fraction f min * required to produce the void magnetic fields given a set of model parameters. This work takes into account the analytical and numerical work on firstorder phase transitions in Ref. [24] .
Conclusions: First-order phase transitions can generate magnetic fields in the early Universe. Under early Universe conditions with very small chemical potentials the QCDPT is a smooth transition [26] whereas the EWPT could be first-order in certain Standard Model (SM) extensions [22] . Inflationary magnetogenesis [27] , which is also beyond the SM, is another popular mechanism to explain void magnetic fields. Hence, the apparent observations of void magnetic fields from γ-ray observations seem to be a signature of physics beyond the SM. If the constraints on void fields prove to be conclusive, then it is likely that magnetic helicity must play an important role. Indeed, in this paper we show that magnetic fields generated at the EWPT must have significantly more helicity than that produced by electroweak baryogenesis in order to explain the extragalactic magnetic fields.
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